Silymarin is a polyphenolic flavonoid that has a strong antioxidant activity and exhibits anticarcinogenic, antiinflammatory, and cytoprotective effects. Although its hepatoprotective effect has been well documented, the effect of silymarin on pancreatic ␤-cells is largely unknown. In this study, the effect of silymarin on IL-1␤ and/or interferon ( 
T HE PATHOGENESIS OF type 1 diabetes is characterized
by an inflammatory reaction that is caused, at least in part, by inflammatory cytokines produced by infiltrating T-lymphocytes and/or macrophages in and around islets (1, 2) . Inflammatory cytokines, such as IL-1␤ and interferon (IFN)-␥ produced by these cells, initiate a variety of signal cascades in ␤-cells that lead to ␤-cell dysfunction and destruction. The generation of oxygen free radicals is well known to be one of the main mechanisms of such cytokinemediated ␤-cell damage (3, 4) . In addition, nitric oxide (NO) produced through the activation of inducible NO synthase (iNOS) also appears to participate in cytokine-mediated toxicity (5, 6) . Besides its direct toxicity, NO reacts with superoxide to form peroxynitrite, which has a much stronger oxidant activity and mediates ␤-cell destruction in type 1 diabetes (7, 8) . In fact, iNOS inhibitors, such as N G -monomethyl-l-arginine (L-NMMA), attenuate cytokine-induced ␤-cell dysfunction and islet degeneration (5, 6) . Therefore, not only free radical scavenging actions, but also inhibition of iNOS activation, would be beneficial to prevent or delay ␤-cell destruction in the development of type 1 diabetes.
Silymarin is a polyphenolic flavonoid extracted from the milk thistle that has a strong antioxidant activity and exhibits cytoprotective, antiinflammatory, and anticarcinogenic effects (9, 10) . In addition to its free radical scavenging properties, silymarin increases antioxidant enzymes, such as superoxide dismutase (SOD) and catalase, and inhibits lipid peroxidation (10 -12) . It inhibits lipopolysaccharide (LPS)-induced iNOS expression and NO production in microglia and macrophages by blocking nuclear factor B (NF-B) activation (13, 14) . A modulatory effect of silymarin on cytokine-induced activation of MAPKs has also been reported (15) . Silymarin has been clinically used for the treatment of acute and chronic liver disease because of its hepatoprotective effects. In the pancreas, Soto et al. (16) showed a preventive effect of silymarin against alloxan-induced diabetes in rats. However, its effect on cytokine-induced toxicity in pancreatic ␤-cells and the mechanisms involved are largely unknown.
IL-1␤ activates various cytotoxic signaling pathways, such as NF-B and MAPKs, in ␤-cells. Inhibition of NF-B suppresses IL-1␤-induced apoptosis, at least in part, through the suppression of iNOS expression in human islets (17) . Activation of MAPKs, including c-Jun NH2-terminal kinase (JNK), p38 kinase (p38), and ERK, also mediates IL-1␤-induced iNOS expression and/or apoptosis in ␤-cells (18, 19) . IFN-␥ alone does not stimulate iNOS expression in rat islets, but it primes for IL-1␤-induced iNOS expression (20) . Treatment with IFN-␥ reduces insulin mRNA levels, glucosestimulated insulin secretion, and viability in rodent pancreatic ␤-cells (21, 22) . These deleterious effects of IFN-␥ in ␤-cells are thought to be mediated through the activation of the Janus kinase (JAK)/signal transducer and activator of transcription (STAT) pathway. Upon binding of IFN-␥ to its receptor, the receptor-associated JAK isoforms (p38 kinase1 and JAK2) are activated and phosphorylate themselves and the IFN-␥ receptor, which serve as the binding sites for STAT proteins. Phosphorylated STAT proteins form dimers, translocate to the nucleus, and activate the transcription of target genes, including iNOS (23) .
In this study, we examined the effect of silymarin on IL-1␤ and/or IFN-␥-induced cytotoxicity using a rat insulinoma cell line, RINm5F cells, and human islets. Our data demonstrate the cytoprotective effect of silymarin against cytokineinduced toxicity in ␤-cells. Silymarin also suppresses cytokine-induced iNOS expression. JNK and JAK/STAT, but not NF-B, pathways appear to be involved in the cytoprotective action of silymarin.
Materials and Methods

Cell culture and materials
The rat RINm5F insulinoma cells were cultured in RPMI 1640 supplemented with 10% fetal bovine serum (FBS) and antibiotic-antimycotic. Silymarin was obtained from Sigma (Milwaukee, WI) and dissolved in dimethylsulfoxide (DMSO) at 100 mm. Human recombinant IL-1␤ and IFN-␥ were purchased from R&D systems Inc. (Minneapolis, MN). Rat recombinant IFN-␥ was from BD Biosciences (San Jose, CA). SP600125 (JNK inhibitor), SB203580 (p38 inhibitor), and L-NMMA (iNOS inhibitor) were from Calbiochem (San Diego, CA). U0126 (MAPK kinase/ERK inhibitor) was from Cell Signaling Technology (Beverly, MA). Rabbit polyclonal antibodies to total and phosphorylated JNK, p38, and ERK and antibodies to phosphorylated STAT1, STAT3, and STAT5 were from Cell Signaling Technology. Rabbit polyclonal antibodies to STAT1, STAT3, STAT5, IB␣, and ␤-actin were from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies to total and phosphorylated STAT1 react with STAT1␣ (91 kDa) and STAT1␤ (84 kDa). Antitotal STAT3 antibody recognizes STAT3␣ (92 kDa), and antiphosphorylated STAT3 antibody recognizes both STAT3␣ (92 kDa) and ␤ (83 kDa). Antitotal and phosphorylated STAT5 antibodies recognize STAT5a (94 kDa) and STAT5b (92 kDa). Rabbit polyclonal antibody to iNOS was purchased from BD Biosciences.
Human islets
Human islets were provided for research use by the Southern California Islet Cell Resources Center, City of Hope (Duarte, CA). Islets were isolated by the two-step digestion method (24) and cultured in serumfree CMRL1066 medium (Mediatech, Inc., Holly Hill, FL) for 2 d before being released for research use. These islets were then cultured in Ham's F12 medium supplemented with 10 mm HEPES, antibiotic antimycotic, and 10% FBS for an additional 2-3 d before being used in experiments. The islet numbers were expressed as the number equivalent to islets 150 m in diameter (IEQ). Only islets with greater than 80% purity, as determined by dithizone staining, were used.
Cell treatment
RINm5F cells were treated with silymarin or vehicle (DMSO) at the indicated concentration for 2 h before stimulation. In some experiments, RINm5F cells were treated with SP600125, SB203580, or U0126 at 10 m or with L-NMMA at 0.5 mm for 30 min before stimulation. Then, cells were stimulated with human IL-1␤ (50 U/ml) and/or rat IFN-␥ (100 U/ml) for the indicated period. Human islets were incubated with silymarin or DMSO at the indicated concentration for 2 h and then stimulated with a combination of human IL-1␤ (75 U/ml) and human IFN-␥ (750 U/ml) for the indicated period.
Assay for NF-B binding activity
After 30-min stimulation, RINm5F cells were washed with ice-cold PBS, and nuclear extracts were prepared using NE-PER Nuclear and Cytoplasmic Extract (PIERCE, Rockford, IL). The protein concentration of each sample was measured using the Bio-Rad Protein Assay (Bio-Rad, Hercules, CA). Equal amounts of nuclear extracts from different samples were used. NF-B DNA binding activity was measured using TransAM NF-B Kit (Active Motif, Carlsbad, CA). Results were expressed as the OD.
Assessment of cell viability
The viability of RINm5F cells was determined by 3-(4,5-dimethylthiazolyl-2) 2,5-diphenyltetrazolium bromide (MTT) assay, as described previously (25) , and propidium iodide (PI) staining. Cells were plated in a 96-well plate in triplicate (20,000 cells/well) and cultured overnight before cytokine stimulation. The viability was assessed after 48-and 72-h culture after cytokine stimulation. In MTT assay, viability was expressed as a percentage of the MTT absorbance of the cells without cytokine stimulation. In PI staining, cells were incubated with PI (2.5 g/ml) for 10 min and then examined under a fluorescence microscope. The percentage of dead cells was determined by counting all of the PI-positive cells divided by all of the cells in the bright-field pictures. A minimum of 500 cells was counted in at least three random fields for each experiment.
Nitrite determination
RINm5F cells were seeded at a density of 20,000 cells/well in 100 l culture medium in triplicate, and incubated with cytokines for 48 or 72 h. Human islets (600 IEQ/600 l culture medium) were cultured in duplicate for 48 h after stimulation. Nitrite production in the supernatant was measured using a Griess Reagent Kit (Molecular Probes, Eugene, OR).
Semiquantitative PCR
RINm5F cells and human islets were collected 12 and 8 h, respectively, after stimulation. Total RNA was extracted from cells using TRI REAGENT (Molecular Research Center, Inc., Cincinnati, OH). Two micrograms of RNA from each sample were then reverse-transcribed into first-strand cDNA in 20 l solution using Superscript RNase H Ϫ reverse transcriptase (Invitrogen, Carlsbad, CA). The final cDNA products were then diluted by adding 80 l H 2 O. PCR was performed using the FailSafe PCR System (EPICENTRE, Madison, WI). A standard 25-l PCR solution contained 1.5 l cDNA, 30 pmol each of forward and reverse primers, 12.5 l Premix D, and 0.25 l Enzyme Mix. The following primers were used: rat iNOS (297 bp) forward 5Ј-CCA ACC GGA GAA GGG GAC GAA CT-3Ј, reverse 5Ј-GGA GGG TGG TGC GGC TGG AC-3Ј; rat ␤-actin (764 bp) forward 5Ј-TTG TAA CCA ACT GGG ACG ATA TGG-3Ј, reverse 5Ј-GAT CTT GAT CTT CAT GGT GCT AGG-3Ј; human iNOS (236 bp) forward 5Ј-ACA TTG ATC AGA AGC TGT CCC AC-3Ј, reverse 5Ј-CAA AGG CTG TGA GTC CTG CAC-3Ј; human glyceraldehyde-3-phosphate dehydrogenase (600 bp) forward 5Ј-CCA CCC ATG GCA AAT TCC ATG GCA-3Ј, reverse 5Ј-TCT AGA CGG CAG GTC AGG TCC ACC-3Ј. The cycle number was determined to be in the linear range of amplification for each primer pair. Electrophoresis of PCR products were performed in 1.5% agarose gel containing 0.5 mg/ml ethidium bromide. The band intensities were measured and quantitated with an Alpha Innotech densitometer (San Leandro, CA).
Western blotting
After cytokine stimulation, RINm5F cells or human islets were harvested at the indicated time and washed twice with ice-cold PBS. Nu-clear and cytoplasmic extracts were prepared using NE-PER Nuclear and Cytoplasmic Extract. For whole-cell lysate, cells were lysed with lysis buffer containing 50 mm Tris-HCl (pH 7.4), 0.5% (vol/vol) NP-40, 150 mm NaCl, 5 mm EDTA, 50 mm NaF, 1 mm Na 3 VO 4 , 1 mm phenylmethylsulfonylfluoride, 10 g/ml leupeptin, and 10 g/ml aprotinin for 30 min at 4 C. After centrifugation for 15 min at 12,000 rpm, the supernatants were recovered and eluted with Laemmli sample buffer. The protein concentration of each sample was measured as described above, and equal amounts of protein were used. Western blotting was performed as described previously (26) . The band intensities were measured and quantitated with an Alpha Innotech densitometer.
Glucose-stimulated insulin secretion
Handpicked islets were treated with silymarin or vehicle (DMSO) for 2 h, then stimulated with IL-1␤ and IFN-␥, and cultured for 5 d. Islets were then washed three times with basal media (RPMI 1640 medium containing 3.3 mm glucose, 10 mm HEPES, antibiotic-antimycotic, 1% FBS) and preincubated with the same basal media for 1 h. After wash, islets were incubated with basal media for 1 h, followed by a second incubation with high-glucose media (RPMI 1640 medium containing 19.5 mm glucose, 10 mm HEPES, antibiotic-antimycotic, 1% FBS) for 1 h. The insulin released into the medium was measured using a human insulin ELISA kit (ALPCO Diagnostics, Windham, NH). Each experiment was performed in duplicate. In total, three different experiments using three separate human islet preparations were performed. The fold increase in the secreted insulin levels from 3.3 to 19.5 mm glucose between groups was compared for statistical analysis.
Statistical analysis
Data are expressed as mean Ϯ se. Statistical differences between groups were analyzed by ANOVA followed by Bonferroni's test. P Ͻ 0.05 was considered significant.
Results
Silymarin protects RINm5F cells against cytokine-induced cell death
First, we wanted to determine whether silymarin could protect pancreatic ␤-cells from cytokine-induced cell death. RINm5F insulinoma cells incubated with IL-1␤ alone for 72 h resulted in a 20 -30% decrease in cell viability compared with the untreated control cells, although no significant decrease in viability was observed after 48 h incubation (Fig. 1A ). In contrast, incubation with IFN-␥ alone for 48 and 72 h led to 50% and 60% decrease in viability, respectively. Incubation with a combination of IL-1␤ and IFN-␥ (IL-1␤ϩIFN-␥) for 72 h resulted in further decrease to 20 -30% viability. Pretreatment with silymarin protected against cytokine-induced cell death in a dosedependent manner (Fig. 1B) . The maximum effect was achieved at the concentration of 100 m silymarin. Similar results were obtained by PI staining, confirming that the observed changes in MTT assay resulted from the changes in cell death but not in cell proliferation or mitochondrial metabolic activity (Fig. 1C) . These results indicate that silymarin has a cytoprotective effect against cytokine-mediated cytotoxicity in RINm5F cells.
Silymarin inhibits cytokine-induced iNOS expression and NO production in RINm5F cells
Based on previous studies, we hypothesized that the observed cytoprotective effect of silymarin might be attributed to inhibition of NO production. Therefore, we examined the effect of silymarin on cytokine-induced NO production. As previously shown (27) , IL-1␤ alone induced time-dependent nitrite production in RINm5F cells (Fig. 2A) . However, IFN-␥ induced FIG. 1. Silymarin protects against cytokine-induced cell death of RINm5F cells. A, RINm5F cells were stimulated with IL-1␤ (50 U/ml), or rat IFN-␥ (100 U/ml), or IL-1␤ (50 U/ml) ϩ rat IFN-␥ (100 U/ml). Viability was assessed by MTT assay at 48 h and 72 h after stimulation, and results were expressed as a percentage of the MTT absorbance of the control unstimulated cells. Data are means Ϯ SE from four to five individual experiments. *, P Ͻ 0.05 vs. control cells without cytokine(s). B, RINm5F cells were treated with silymarin or DMSO for 2 h at the indicated concentrations, followed by stimulation with IL-1␤ (50 U/ml), or rat IFN-␥ (100 U/ml), or IL-1␤ (50 U/ml) ϩ rat IFN-␥ (100 U/ml). Viability was assessed by MTT assay at 72 h after stimulation. Results were expressed as a percentage of the MTT absorbance of the control unstimulated cells treated with the same concentration of silymarin. C, RINm5F cells were treated with 100 M silymarin or DMSO for 2 h, followed by stimulation with IL-1␤ (50 U/ml), or rat IFN-␥ (100 U/ml), or IL-1␤ (50 U/ml) ϩ rat IFN-␥ (100 U/ml). Viability was assessed by PI staining at 72 h after stimulation. Results were expressed as a percentage of the dead (PI positive) cells. Data are means Ϯ SE from four to five individual experiments. *, P Ͻ 0.05; **, P Ͻ 0.01 vs. cytokine-stimulated cells without silymarin.
higher levels of nitrite production than IL-1␤ ( Fig. 2A) , especially at 48 h after stimulation, when the levels of nitrite production were approximately three times higher than IL-1␤ alone. Treatment with IL-1␤ϩIFN-␥ resulted in slightly increased nitrite production compared with IFN-␥ alone. This higher rate of NO production induced by IFN-␥ or IL-1␤ϩIFN-␥ in the early incubation period (48 h) appeared to correlate with higher and earlier induction of cell death in RINm5F cells compared with IL-1␤ alone. Treatment with silymarin inhibited cytokine-induced nitrite production in a dosedependent manner, with maximum inhibition at 100 m (Fig.  2B ). As shown in Fig. 2 , C and D, silymarin also inhibited the cytokine-induced expression of both iNOS mRNA and iNOS protein. Addition of iNOS inhibitor, L-NMMA (0.5 mm), in the culture medium with cytokine almost completely blocked cytokine induced-NO production but only partially prevented cell death (Fig. 3, A and B) , suggesting that cytokine-induced cell death was only partially mediated by NO production in RINm5F cells. These results suggest that silymarin protects RINm5F cells against cytokine-induced cell death, at least in part, through the suppression of NO production by downregulation of iNOS expression at the transcriptional level.
No effect of silymarin on IL-1␤-induced NF-B activation in RINm5F cells
The NF-B pathway plays a crucial role in IL-1␤-induced iNOS expression and cell death in ␤-cells. Because silymarin has been reported to suppress NF-B activation induced by various stimuli in many types of cells (15) , the effect of silymarin on cytokine-induced NF-B activation in RINm5F cells was explored. Stimulation with IL-1␤ for 30 min induced an approximately 4-fold increase in NF-B activation compared with the untreated control cells (Fig. 4A ). Pretreatment with silymarin had no effect on IL-1␤-induced NF-B activation. This result was also confirmed by Western blotting analysis showing that IL-1␤-induced degradation of IB␣, which precedes the translocation of NF-B to the nucleus, was not affected by silymarin (Fig. 4B) . IFN-␥ alone did not induce NF-B activation, and it did not affect IL-1␤-induced NF-B activation when used in combination (Fig. 4A) .
FIG. 2.
Silymarin inhibits cytokineinduced iNOS expression and NO production in RINm5F cells. A, RINm5F cells (20,000 cells/well) in a 100-l medium were stimulated with IL-1␤ (50 U/ml), rat IFN-␥ (100 U/ml), or IL-1␤ (50 U/ml) ϩ rat IFN-␥ (100 U/ml). Nitrite production in the medium was determined using Griess reagent at 48 h and 72 h after stimulation. B, RINm5F cells were treated with silymarin or DMSO for 2 h at the indicated concentrations, followed by stimulation with IL-1␤ (50 U/ml), or rat IFN-␥ (100 U/ml), or IL-1␤ (50 U/ml) ϩ rat IFN-␥ (100 U/ml). Nitrite production in the medium was determined at 72 h after stimulation. C and D, RINm5F cells were treated with 100 M silymarin or DMSO for 2 h, followed by stimulation with IL-1␤ (50 U/ml), or rat IFN-␥ (100 U/ml), or IL-1␤ (50 U/ml) ϩ rat IFN-␥ (100 U/ml). Total RNA was isolated at 12 h after isolation, and iNOS mRNA expression was determined by RT-PCR (C). Whole-cell lysates were recovered at 24 h after stimulation, and iNOS protein expression was determined by Western blotting analysis (D). The relative values of iNOS/actin mRNA or protein levels were expressed as means in bar graphs. Nitrite data are means Ϯ SE from four to five individual experiments. RT-PCR and Western blotting data are representative from three individual experiments. *, P Ͻ 0.05; **, P Ͻ 0.01 vs. cytokine-stimulated cells without silymarin.
Silymarin modulates IL-1␤-induced MAPKs activation
Besides the NF-B pathway, MAPK pathways are also known to be involved in the regulation of IL-1␤-induced iNOS expression and cell death in ␤-cells (18) . Therefore, the effect of silymarin on IL-1␤-induced MAPKs activation was investigated. IL-1␤ activated all three MAPK pathways, including JNK, p38, and ERK (Fig. 5A) . In all cases, the maximum level of phosphorylation was observed at 30 min after stimulation. Pretreatment with silymarin attenuated IL-1␤-induced phosphorylation of JNK, although it did not completely abolish JNK phosphorylation. On the other hand, IL-1␤-induced phosphorylation of ERK was further augmented by silymarin pretreatment. Phosphorylation of p38 was not affected. Next, we compared the effect of specific pharmacological inhibitors of MAPKs with silymarin on the suppression of IL-1␤-induced nitrite production and cell death. Pretreatment of RINm5F cells with 10 m SP60025 (JNK inhibitor) or 10 m SB203580 (p38 inhibitor) partially inhibited IL-1␤-induced nitrite production (Fig. 5B) . Furthermore, IL-1␤-induced cell death was significantly reversed by pretreatment with SP600125 or SB203580 (Fig. 5C ). In contrast, the MAPK kinase/ERK inhibitor, U0126, had no effect on either nitrite production or cell viability. These results suggest that silymarin may, in part, inhibit IL-1␤-induced NO production and cell death through the suppression of JNK activation.
IFN-␥ alone did neither activate JNK or p38, nor augment IL-1␤-induced phosphorylation of JNK or p38, but slightly activated ERK (Fig. 5D) . Silymarin pretreatment augmented the phosphorylation levels of ERK and, to a lesser extent, of p38.
Silymarin inhibits IFN-␥-induced activation and nuclear translocation of STAT1, STAT3, and STAT5
IFN-␥-elicited JAK/STAT signaling pathways have been reported to be involved in cytokine-induced inflammatory responses, including iNOS expression (28) . STAT1 activation has been especially implicated in IFN-␥-mediated cytotoxicity in ␤-cells (20, 21, 29) . Therefore, we investigated the effect of silymarin on IFN-␥-induced activation of STAT proteins in RINm5F cells. Phosphorylation of STAT1␣/␤, STAT3␣/␤, and STAT5a/b was observed 20 min after IFN-␥ stimulation (Fig. 6A) . IL-1␤ alone had no effect, nor did the (20, 000 cells/well) in a 100-l medium were stimulated with IL-1␤ (50 U/ml), or rat IFN-␥ (100 U/ml), or IL-1␤ (50 U/ml) ϩ rat IFN-␥ (100 U/ml) in the presence or absence of 0.5 mM L-NMMA. A, Nitrite production in the medium was determined using Griess reagent at 72 h after stimulation. B, Viability was assessed by MTT assay at 72 h after stimulation, and results were expressed as a percentage of the MTT absorbance of the control unstimulated cells. Data are means Ϯ SE from three individual experiments. *, P Ͻ 0.001; **, P Ͻ 0.05 vs. the same cytokine-stimulated cells without L-NMMA.
FIG. 3. Effect of the iNOS inhibitor, L-NMMA, on cytokine-induced NO production (A) and cell death (B) in RINm5F cells. RINm5F cells
FIG. 4. Effect of silymarin on IL-␤-induced NF-B activation in
RINm5F cells. A, RINm5F cells were treated with 100 M silymarin or DMSO for 2 h, followed by stimulation with IL-1␤ (50 U/ml), or rat IFN-␥ (100 U/ml), or IL-1␤ (50 U/ml) ϩ rat IFN-␥ (100 U/ml). Nuclear extracts were recovered after 30 min stimulation, and NF-B activity was determined as described in Materials and Methods. Results were expressed as the OD. NF-B activity data are means Ϯ SE from three individual experiments. B, RINm5F cells were treated with 100 M silymarin or DMSO for 2 h, followed by stimulation with IL-1␤ (50 U/ml). Whole-cell lysates were recovered at the indicated time after stimulation, and IB␣ expression was determined by Western blotting analysis. Western blotting data are representative from three individual experiments.
FIG. 5. Modulation of IL-1␤-induced
MAPKs activation by silymarin in RINm5F cells. A, RINm5F cells were treated with 100 M silymarin or DMSO for 2 h, followed by stimulation with IL-1␤ (50 U/ml). Whole-cell lysates were recovered at the indicated time after stimulation, and phosphorylation of MAPKs was detected by Western blotting analysis. The relative values of p-JNK/JNK, p-p38/p38, and p-ERK/ERK were expressed as means in line graphs. B and C, RINm5F cells were treated with 10 M SP600125, SB203580, U0126, or DMSO for 30 min, or with 100 M silymarin for 2 h. Cells were then stimulated with IL-1␤ (50 U/ml) and cultured for 72 h. Nitrite production in the medium was determined using Griess reagent (B). Viability was determined by MTT assay, and results were expressed as a percentage of the MTT absorbance of the control unstimulated cells (C). Nitrite and viability data are means Ϯ SE from three individual experiments. D, RINm5F cells were treated with 100 M silymarin or DMSO for 2 h, followed by stimulation with IL-1␤ (50 U/ml), or rat IFN-␥ (100 U/ml), or IL-1␤ (50 U/ml) ϩ rat IFN-␥ (100 U/ml). Whole-cell lysates were recovered 20 min after stimulation, and phosphorylation of MAPKs was detected by Western blotting analysis.
The relative values of p-JNK/actin, p-p38/actin, and p-ERK/actin were expressed as means in bar graphs. Western blotting data are representative from three individual experiments. *, P Ͻ 0.05 vs. cytokine-stimulated cells treated with DMSO.
addition of IL-1␤ to IFN-␥ increase IFN-␥-induced phosphorylation of STAT proteins. Pretreatment with silymarin attenuated IFN-␥-induced phosphorylation of all three STAT proteins, though the effect on STAT1 was smaller than that of STAT3 or STAT5. However, the IFN-␥-induced translocation of STAT1, STAT3, and STAT5 proteins was similarly attenuated by silymarin pretreatment (Fig. 6B) . These results imply that inhibition by silymarin of IFN-␥-induced iNOS expression and subsequent cell death is due to suppression of STAT proteins activation.
Silymarin inhibits cytokine-induced iNOS expression, NO production, and activation of JNK and STAT proteins in human islets
Our results consistently showed the suppressive effect of silymarin on IL-1␤ and/or IFN-␥-induced iNOS expression and NO production in RINm5F cells. To extend these studies to human cells, we next determined whether silymarin could also suppress IL-1␤ϩIFN-␥-induced iNOS expression and NO production in human islets. We found that, similar to results with RINm5F cells, silymarin pretreatment decreased cytokine-induced nitrite production by human islets in a dose-dependent manner (Fig. 7A) . Semiquantitative RT-PCR results showed that silymarin also suppressed IL-1␤ϩIFN-␥-induced iNOS mRNA expression (Fig. 7B) . Stimulation with IL-1␤ϩIFN-␥ resulted in activation of all three MAPKs and STAT1␣, 3␣, and 5a proteins within 30 min (Fig. 7C) , but silymarin only attenuated JNK phosphorylation, whereas no effect was observed on phosphorylation of p38 or ERK. On the other hand, phosphorylation of all three STAT proteins was partially inhibited by silymarin pretreatment in human islets (Fig. 7C) . Still, silymarin pretreatment did not completely abolish phosphorylation of JNK or STAT proteins in human islets.
FIG. 6. Silymarin inhibits IFN-␥-induced activation and nuclear translocation of STAT1, STAT3
, and STAT5 in RINm5F cells. A, RINm5F cells were treated with 100 M silymarin or DMSO for 2 h, followed by stimulation with IL-1␤ (50 U/ml), or rat IFN-␥ (100 U/ml), or IL-1␤ (50 U/ml) ϩ rat IFN-␥ (100 U/ml). Whole-cell lysates were recovered 20 min after stimulation, and phosphorylation of STAT proteins was detected by Western blotting analysis. The relative values of p-STAT1/STAT1, p-STAT3/STAT3, and p-STAT5/STAT5 were expressed as means in bar graphs. B, RINm5F cells were treated with 100 M silymarin or DMSO for 2 h, followed by stimulation with rat IFN-␥ (100 U/ml). Nuclear (N.) and cytoplasmic (C.) extracts were recovered at 30 min after stimulation, and translocation of STAT proteins to the nucleus was detected by Western blotting analysis. The densitometric values of nuclear STAT1, STAT3, and STAT5 proteins were expressed as means in bar graphs. Western blotting data are representative from three individual experiments.
Protective effect of silymarin against cytokine-induced impairment of glucose-stimulated insulin secretion by human islets
Finally, we examined the protective effect of silymarin on cytokine-induced ␤-cell damage in human islets. Treatment with IL-1␤ϩIFN-␥ and/or silymarin did not induce a significant increase in cell death in human islets, as assessed by MTT assay and PI staining. However, treatment of human islets with IL-1␤ϩIFN-␥ for 5 d resulted in the impairment of insulin secretion in response to high glucose (Fig. 8) . Silymarin pretreatment prevented IL-1␤ϩIFN-␥-induced impairment of glucose-stimulated insulin secretion. Islets treated with silymarin alone released higher levels of insulin than the control islets treated with vehicle (DMSO) with a normal insulin secretory response to glucose.
FIG. 7.
Silymarin inhibits cytokine-induced iNOS expression, NO production, and activation of JNK and STAT proteins in human islets. A, Human islets (600 IEQ/600 l medium) were treated with silymarin for 2 h at the indicated concentrations, followed by stimulation with IL-1␤ (75 U/ml) ϩ IFN-␥ (750 U/ml). Nitrite production in the medium was determined using Griess reagent at 48 h after stimulation. Nitrite data are mean Ϯ SE from three individual experiments using three different islet preparations. B and C, Human islets were treated with 100 M silymarin or DMSO for 2 h, followed by stimulation with IL-1␤ (75 U/ml) ϩ IFN-␥ (750 U/ml). Total RNA was recovered at 12 h after stimulation, and iNOS mRNA expression was determined by RT-PCR (B). Whole-cell lysates were recovered at 30 min after stimulation, and phosphorylation of MAPKs and STAT proteins was detected by Western blotting analysis (C). The relative values of iNOS/glyceraldehyde-3-phosphate dehydrogenase, p-JNK/actin, p-p38/actin, p-ERK/actin, p-STAT1/actin, p-STAT3/actin, and p-STAT5/actin were expressed as means in bar graphs. RT-PCR and Western blotting data are representative from three individual experiments using three different islet preparations. *, P Ͻ 0.05; **, P Ͻ 0.001 vs. cytokine-stimulated islets without silymarin.
Discussion
In this study, we have demonstrated that silymarin prevents cytokine-induced cell death in RINm5F cells and cytokine-induced impairment of glucose-stimulated insulin secretion by human islets. In various types of cells, silymarin strongly blocks cytokine-or LPS-induced NF-B activation, which is crucial for iNOS expression in ␤-cells (13, 30, 31) . Unexpectedly, silymarin had no effect on IL-1␤-induced NF-B activation in RINm5F cells. However, it partially inhibits IL-1␤-induced JNK activation. JNK is known to be involved in the regulation of expression of many inflammatory genes, such as iNOS, IL-1␤, and cyclooxygenase (COX)-2 (32) (33) (34) . Although JNK's roles in the induction of cell death by various stimuli are not firmly established, many evidences have recently accumulated to show that activation of JNK leads to cell death in pancreatic ␤-cells and islets (19, (35) (36) (37) . Furthermore, Kaneto et al. (38) showed that suppression of JNK activity by adenovirus-mediated overexpression of dominant-negative JNK prevented oxidative stressinduced inhibition of insulin gene expression and secretion in rat islets. Therefore, the observed cytoprotective effects of silymarin, including prevention of cytokine-induced impairment of glucose-stimulated insulin secretion, could be, at least in part, explained by its ability to suppress JNK activity.
Silymarin also suppressed IFN-␥-induced phosphorylation and nuclear translocation of STAT1, STAT3, and STAT5 proteins. JAK/STAT pathways, especially JAK/STAT1, have been shown to be involved in various inflammatory actions (28) . However, the roles of IFN-␥ and IFN-␥-elicited JAK/ STAT pathways in the induction of ␤-cell damage and its recovery process are still elusive. Treatment with IFN-␥ reduces insulin mRNA levels and glucose-stimulated insulin secretion in mouse ␤-cell line, CDM3D cells, without increasing NO production (21) . IFN-␥ induces cell death and a decrease of insulin gene expression in rat INS-1 cells, with no effect on NO production (22) . Contrary to these previous reports, in our study, IFN-␥ alone induced iNOS expression and NO production, which partially mediated cell death in RINm5F cells. This discrepancy may be due to not only species-specific but also cell type-specific regulation of IFN-␥ signaling in ␤-cells. However, these previously reported deleterious effects of IFN-␥ on ␤-cells, even in the absence of an increase in NO production, are thought to be mediated by STAT1 activation. Although IFN-␥ alone does not stimulate iNOS expression in rodent and human islets, IFN-␥ reduces the concentration of IL-1␤ required to induce iNOS expression in rat islets (20) , and a combination of IL-1␤ and IFN-␥ is required to induce iNOS expression and ␤-cell dysfunction in mouse and human islets (5, 6) . This priming or synergistic action of IFN-␥ for IL-1␤-induced iNOS expression is also associated with STAT1 activation. After homodimerization and translocation to the nucleus, phosphorylated STAT1 binds to the IFN-␥-activated site (GAS), which is found in the promoters of various inflammatory genes, including iNOS and COX-2 (23, 39) . It also induces the expression of IFN regulatory factor-1, which, through binding to IFN-stimulated response elements and interaction with NF-B sites in the iNOS promoter, would augment IL-1␤-induced iNOS expression (39, 40) . Therefore, the suppressive effect of silymarin on activation and nuclear translocation of STAT1 probably contributes to the inhibition of IFN-␥-and/or IL-1␤ϩIFN-␥-induced NO production, ␤-cell death, and dysfunction in RINm5F cells and human islets.
On the other hand, the role of STAT3 or STAT5 in the regulation of iNOS expression and ␤-cell dysfunction remains unclear. IL-6-induced iNOS expression is mediated by JAK2/STAT3 activation in isolated rat myocytes (41) . Yoshida et al. (42) reported that NF-B p65 and non-tyrosinephosphorylated STAT3 physically and functionally interact and that this interaction results in the inability of STAT3 to bind to and activate GAS site-dependent genes. This interaction also inhibits NF-B-dependent iNOS expression (43) . Based on these reports, in addition to STAT1, inhibition of STAT3 activation by silymarin might also participate in suppression of IFN-␥-and/or IL-1␤ϩIFN-␥-induced iNOS expression and/or ␤-cell dysfunction in RINm5F cells and human islets. Unlike STAT3, the evidence for the involvement of STAT5 in iNOS expression has not been reported so far. However, Yamaoka et al. (44) showed that STAT5 activation was involved in LPS-induced COX-2 expression in monocytes, suggesting that silymarin might suppress cytokineinduced COX-2 expression through the inhibition of STAT5 activation. On the contrary, STAT5b-mediated inhibition of NFB signaling to IFN regulatory factor-1 promoters was also reported (45) . Therefore, further studies are necessary to elucidate whether and how STAT3 or STAT5 proteins are involved in cytokine-induced iNOS expression and dysfunction in ␤-cells.
Although silymarin suppressed cytokine-induced NO production by only 50 -60%, its cytoprotective effect was comparable with that of the iNOS inhibitor, L-NMMA. Silymarin's antioxidant properties, based on its ability to scavenge free radicals and inhibit lipid peroxidation, have been well documented. Free radical production and lipid peroxidation are known to mediate cytotoxic action of cytokines on FIG. 8. Silymarin protects human islets against cytokine-induced impairment of glucose-stimulated insulin secretion. Handpicked human islets were treated with 100 M silymarin or DMSO for 2 h, then stimulated with IL-1␤ (75 U/ml) ϩ IFN-␥ (750 U/ml), and subsequently cultured for 5 d. After wash, islets were incubated with basal medium (containing 3.3 mM glucose) for 1 h, followed by a second incubation with high-glucose medium (containing 15.5 mM glucose) for 1 h. Insulin secreted into the medium was measured by ELISA. Data are means Ϯ SE from three individual experiments using three different islet preparations. *, P Ͻ 0.05 vs. cytokine-stimulated islets without silymarin.
␤-cells (3). Thus, its cytoprotective effect in pancreatic ␤-cells would also be attributed to its antioxidant activity in addition to the suppression of NO production. How silymarin suppresses the activation of JNK or STAT proteins is not clear. However, some antioxidants, such as N-acetyl-L-cysteine (NAC) and vitamin E, were shown to inhibit the activation of MAPKs and STAT proteins (46, 47) . Furthermore, Matsubara et al. (48) showed that IL-1␤ and/or IFN-␥ induced superoxide release in the culture medium within 15 min in endothelial cells, suggesting that superoxide produced intracellularly within minutes after cytokine stimulation might serve as signal transduction elements for JNK or STAT activation. Therefore, the suppressive effect of silymarin on the activation of JNK and STAT proteins might also be due to its antioxidant activity.
Another possible mechanism underlying the cytoprotective effect of silymarin could be to increase antioxidant enzymes such as SOD, glutathione peroxidase (Gpx), and catalase, as previously described by Soto et al. (11) . However, this is not likely because a previous report has shown that overexpression of catalase, Gpx, or Cu/Zn SOD in RINm5F cells increased IL-1␤-induced iNOS expression, though they still protected against cytokine-mediated toxicity through inactivation of reactive oxygen species generated in the signal cascades of cytokines (27) . Another report has shown that overexpression of MnSOD, but not catalase, Gpx, or Cu/ ZnSOD, in RINm5F cells reduced IL-1␤-induced iNOS promoter activation and iNOS expression, which was mediated through the inhibition of NF-B activation (49) . We confirmed no alteration in the levels of MnSOD expression in RINm5F cells treated with silymarin for up to 24 h, by Western blotting analysis (data not shown).
In this study, we showed the direct cytoprotective effect of silymarin on pancreatic ␤-cells. Importantly, silymarin also has an ability to inhibit the production of inflammatory cytokines, such as IL-1␤, IFN-␥, and TNF-␣, from macrophages and/or T-lymphocytes (30, 50, 51) , which probably initiate the destruction of ␤-cells in the development of type 1 diabetes. Taken together, these data indicate that silymarin may be useful as a therapeutic agent for type 1 diabetes.
